This paper presents an active emulsification scheme that is capable of producing micro-droplets with desired volumes and compositions on demand. Devices with pneumatically actuated membranes constructed on top of specially designed microfluidic channels are utilized to meter and fuse liquid-in-liquid droplets. By steadily pressurizing a fluid and intermittently blocking its flow, droplets with desired volumes are dispersed into another fluid. Furthermore, droplets from multiple sources are fused together to produce combined droplets with desired compositions. In the prototype demonstration, a three-layer PDMS molding and irreversible bonding process was employed to fabricate the proposed microfluidic devices. For a dispersed-phase flow that is normally blocked by a membrane valve, the relationship between the volume (V) of a metered droplet and the corresponding valve open time (T) is found to be approximately V = kT a , in which k and a are constants determined mainly by the fluid-driving pressures. In addition to the metering device, functional droplet entrapment, fusion and flow-switching devices were also integrated in the system to produce desired combined droplets and deliver them to intended destinations upon request. As such, the demonstrated microfluidic system could potentially realize the controllability on droplet volume, composition and motion, which is desired for a variety of chemical and biological applications.
Introduction
Mixing immiscible fluids together results in an emulsion, which might be defined as a heterogeneous system consisting of at least one fluid (in the form of tiny droplets) dispersed within another fluid [1] . An emulsion does not form spontaneously. It is produced by an emulsification process, through which interfaces between fluids are created and stabilized by some emulsifying agents.
For example, massive production of emulsions is traditionally performed by mechanical agitation, ultrasonication or high-pressure homogenization [2] [3] [4] .
However, the results of these emulsification processes are usually poorly controlled and highly polydisperse. Monodisperse emulsions are highly desirable for a variety of applications, including agriculture, the petroleum industry and pharmaceutical products [5, 6] .
Recently, various microfluidic emulsification schemes such as T-junctions [7] [8] [9] and flow-focusing devices [10] [11] [12] have been demonstrated to be capable of producing emulsions in a consistent and controlled manner. In general, emulsions of micro-droplets with a <10% diameter variation can be readily produced by these approaches, and the average droplet size can be adjusted by varying the flow rates of the fluids involved in the process.
Among the various types of microfluidic systems, dropletbased systems have recently attracted significant interest because of their potential impact on diverse chemical and biological applications [13] [14] [15] . By compartmentalizing reactions into micrometer-sized droplets, the miniaturization and large-scale parallel processing of reactions, which are desired for applications involving the investigation of huge parameter spaces, could eventually be realized. The resulting low sample consumption and high reaction throughput are expected to significantly accelerate the progress in drug discovery, protein crystallization and various chemical and biological screening and synthesis [16] [17] [18] [19] . Metering is the starting point and often the most critical function of a droplet-based system. In most microfluidic emulsification schemes, droplet metering is controlled by adjusting the flow rates of the dispersed and continuous phase fluids, which are driven by separate syringe pumps. In general, these passive schemes are capable of producing continuous droplet streams, but insufficient for adjusting the droplet size and breakup frequency in a real-time manner [20, 21] . The resulting droplet volume and breakup frequency are often coupled, and there is always a transition period following the adjustment of fluid flow rates. Fusion, in which droplets from multiple sources are merged together to form a desired combined droplet, is another crucial function for droplet-based systems. Previously, droplet fusion has been demonstrated by utilizing size and frequency matching [22] , converging fluidic channels [23] , or patterned ITO electrodes [24] , which result in the deceleration and collision of droplets. However, the coordination of droplet motion is increasingly difficult, when more droplets are to be merged. Meanwhile, the employment of syringe pumps as driving sources has made it costly when trying to scale up the complexity and productivity of the systems.
To address the need for a better controllability on droplet size, composition and motion, this paper presents an active emulsification scheme that employs pneumatic actuation for the metering, fusion and manipulation of droplets. Devices with membranes constructed on top of specially designed micro-fluidic channels are utilized to realize the desired controllability. Three accomplishments have been achieved (1) a membrane-actuated metering device that can produce monodisperse droplets and adjust the droplet size and breakup frequency in a real-time manner; (2) a droplet entrapment and fusion device that can selectively and temporally block the movement of droplets, and facilitate the fusion of the entrapped droplets; and (3) an active droplet-based microfluidic system that can produce droplets with desired sizes and compositions on demand, and deliver the droplets to intended destinations upon request. As such, the demonstrated microfluidic devices could potentially realize the controllability on droplet size, composition and motion, which is desired for various chemical and biological applications.
Operating principle
A schematic illustration of the proposed metering scheme is shown in figure 1 . A microfluidic device, made up of a T-junction with a membrane valve mounted on its top, is employed to control the emulsification process. The structure of the pneumatically driven, membrane valve is similar to a previous work [25] , while a flat membrane sandwiched between the control and flow channels is utilized in our design. Whenever a sufficient pressure is applied to the upper control channel, the membrane deflects downward and blocks the lower flow channel. The dispersed and continuous phase fluids are driven independently by pressures with constant magnitudes of P d and P c , respectively, and fed into the corresponding microfluidic channels. Without membrane actuation, liquid-in-liquid droplets with certain dimensions can be produced at specific frequencies, and the result can be adjusted by varying the fluid-driving pressures P d and P c [7] . The membrane valve is located across the flow channel and right upstream of the T-junction. It is driven by a constant pressure P, which is sufficient to deflect the membrane and completely block the underneath flow channel, and switched on and off using an electromagnetic actuator. Periodically, the membrane valve is pneumatically enabled (or pressurized) for t close and then disabled for t open . Figure 2 illustrates a complete metering cycle, in which the valve is opened for 0.075 s. The color of the membrane turns dark when the membrane deflects downward. Otherwise, the membrane is transparent and the flow in the underneath channel could be clearly observed. Normally, the valve blocks the dispersed-phase flow completely, while a limited volume of the dispersed-phase In general, the resulting breakup frequency could be either higher or lower than the original one (without valve actuation), while the resulting droplet volume would usually be smaller than what is originally achieved. The proposed metering scheme is applicable to the generation of both water-in-oil and oil-in-water droplets, when hydrophobic and hydrophilic flow channels are employed, respectively. Once droplets (each with specific ingredient and volume) are produced, they are further fused and mixed together to produce combined droplets with desired compositions and volumes. A schematic illustration of the proposed fusion scheme is shown in figure 3 . A microfluidic channel, with one end temporally blocked by a membrane valve and narrow lateral branches bypassing the incoming flow, is utilized to selectively entrap the dispersed droplets. To investigate the relevant flow behavior and facilitate the implementation of the proposed fusion scheme, simulation using CFD-ACE+ (CFD Research Corporation) is performed. Figure 4 shows the simulated stream lines and velocity distribution based on a simplified channel geometry. For droplets with diameters larger than half of the width of the central channel, it is expected that the droplets would be driven into the space between the valve and the last pair of the bypassing branches, while the continuous-phase fluid bypasses the blockage and keeps flowing downstream. With balanced lateral pressure, the droplets would remain in the central portion of the main channel, slow down when moving close to the blockage, and eventually be entrapped inside the 'waiting zone', which is actually a dead volume when the channel is blocked. In the proposed fusion scheme, all the droplets to be fused would be deposited serially into the waiting zone, whose volume should be set or adjusted accordingly. With droplets restrained in the waiting zone, an incoming droplet would collide with the previously deposited ones when it arrives. Driven by the continuous-phase flow, the newly arrived droplet would push the previously deposited ones moving further into the dead end of the waiting zone, and stop when it is completely into the waiting zone. Eventually, the entrapped droplets would fuse together after a certain period of time. As such, combined droplets with desired volumes and compositions could be produced by coordinating the proposed metering and fusion schemes. Afterward, the membrane valve is opened and the combined droplet is driven downstream for further processing.
Fabrication processes
A three-layer PDMS molding and irreversible bonding process were employed to fabricate the proposed microfluidic devices, as illustrated in figure 5 . First of all, a layer of 25 μm thick positive photoresist (9260, AZ Electronic Materials) was spin coated and patterned on top of a clean silicon wafer to fabricate the mold used for the duplication of the flow-channel layer. Afterward, the patterned photoresist layer was baked at 120
• C for 30 min, during which the photoresist reflowed and its profile became rounded. Meanwhile, the mold used for the duplication of control-channel layer was fabricated by coating and patterning a 10 μm thick layer of negative photoresist (SU-8, MicroChem) on top of a clean silicon wafer. After the two photoresist molds were fully cured, they were placed in a desiccator under vacuum for 3 h with a vial containing a few drops of 1H, 1H, 2H, 2H-perfluorooctyl-trichlorosilane (Fluka) to silanize the surfaces [26] . The purpose of this silanization step is to facilitate the removal of polymeric replicas (from the molds) after the following casting process. A mixture of 10:1 PDMS pre-polymer and curing agent (Sylgard 184, Dow-Corning) was stirred thoroughly and then degassed under vacuum to remove entrapped air bubbles. The casting and bonding process started with the deposition of a thin valve membrane on top of a clean silicon wafer. About one tenths of the PDMS mixture was spin coated on the wafer at 1500 rpm for 30 s, which yielded a thickness of roughly 30 μm, and cured for 15 min at 85
• C. Meanwhile, about half of the PDMS mixture was poured onto the flow-channel mold, degassed, cured for 15 min at 85
• C, and then peeled off from the mold. Afterward, the flow-channel layer was pressed and bonded on top of the 30 μm thick membrane, and left undisturbed for at least 1 h at 85
• C for the bonding to take effect. The bonded two-layer PDMS structure was then peeled off from the silicon wafer, and punched through with a sharp metal-tube array to fabricate the holes for multiple inlets and outlets. Afterward, it was cleaned in an ultrasonic bath to remove residual debris from its surface. Meanwhile, the left PDMS mixture was poured onto the control-channel mold, degassed, cured for 1 h at 85
• C, and then peeled off from the mold. The surfaces of the two-layer PDMS structure (on the membrane side) and the duplicated control-channel layer were then treated with a hand-held corona treater (BD-20AC, Electro-Technic Products), which ionizes the surrounding air and creates localized plasma to activate the surfaces for irreversible bonding. The intensity of the corona was set at a relatively low level in order to produce a stable but soft corona with minimal crackling and sparking [27] . The wire electrode was positioned approximately 3 mm above the treated surface, and scanned back and forth for 30 s to 1 min, depending on the size of the surface. The corona-treated surfaces were then pressed together and left undisturbed for at least 1 h at 85
• C for the bonding to take effect. At the end, multiple PTFE tubes were inserted into the punched holes to build the necessary interconnection for sample injection and discharge.
Experimental details
In the prototype demonstration, water-in-oil droplets were produced using de-ionized water and oleic acid (Aldrich) with 5 wt% Span 80 (Aldrich) as dispersed and continuous phase fluids, respectively. In addition to oleic acid (viscosity 28 mPa s), hexadecane (viscosity 8 mPa s) and silicone oil (viscosity 50 mPa s) were also tested to investigate the effects caused by the viscosity of continuous-phase fluid. The detailed experimental setup is illustrated in figure 6 . An air compressor (Model 3-4, Jun-Air) with its output set at 500 kPa was employed as the single source to drive the operation. Each fluid sample was stored in a separate plastic container, which was fed with pressurized air from the top to drive the fluid flowing through the bottom tube and into the downstream microfluidic devices. The actual driving pressure applied on each container was adjusted independently by a separate pressure regulator (IR1000-01G, SMC). Meanwhile, the actuation of each membrane valve was controlled independently by a separate electromagnetic valve (VK332-5G-M5, SMC), whose action was governed by a computer-controlled relay circuitry. A governing program developed and executed under a software environment (LabVIEW, National Instruments), cooperating with a set of hardware adapter and connector (PCI-6220 + CB-68LP), was employed to coordinate the actuation of the prototype system. As such, the operation can be either preprogrammed or responding to demand in a real-time manner. The formation of liquid-in-liquid droplets was observed under an optical microscope and the images were recorded using a CCD camera also controlled by the computer. The resulting droplets were driven into a 400 μm deep reservoir, where the droplets would be perfect spheres without unwanted deformation. The volumes of the resulting droplets were then estimated based on the observed spherical diameters. For the demonstration of 1 × 8 flow switching, three electromagnetic switches (VK3120-5G-M5, SMC) were utilized to control six sets of membrane valves.
Results and discussion
Prior to the metering and fusion trials, the performance of the membrane valve was characterized with the flow channel empty and open to the atmosphere. With a deformable area of 150 μm (the width of the flow channel) ×150 μm (the width of the control channel) and a membrane thickness of roughly 30 μm, the minimum pressure required to deflect the membrane and completely block the 25 μm high flow channel was measured to be 75 kPa. At this actuation pressure, the response time of the membrane structure was found to be roughly 0.02 s, which could be further reduced if a higher actuation pressure is employed. The minimum valve open (or close) time actually tested in our experiments was 0.05 s, since the utilized electromagnetic valves were not able to operate correspondingly at frequencies higher than 15 Hz. In the case when the open (or close) time is shorter than the response time of the valve, the valve would only be partially opened (or closed). When working fluids are pressurized and fed into the flow channel, the actual minimum pressure for complete blockage and the resulting response time of the membrane structure would vary accordingly. Usually, fluids with higher viscosities would require higher pressure and longer time for operation. In the metering trials, the resulting droplet volume (V) was mainly controlled by the valve open time (T = t open ) and the driving pressures of the dispersed and continuous phase fluids (P d and P c ). For steady flow, the volume is expected to be approximately equal to the product of the resulting dispersed-phase flow rate and the valve open time. However, the flow is actually transient right after the valve is opened. The production of a small droplet (with an estimated volume of 11 pL) is illustrated in figure 2 . The retreat of the membrane causes a negative pressure gradient, which sucks in the fluids and in turn shapes the front end of the dispersedphase flow into a cone (as shown in figure 2(c) ). Meanwhile, the bulk dispersed-phase fluid is accelerated and starts to flow. After opened for a short period of time, the membrane valve is closed and the dispersed-phase flow is broken, while the volume left to the center line of the membrane is shaped into a droplet. In general, the volume of the resulting droplet respectively. Meanwhile the employment of a continuousphase fluid with higher viscosity would usually enhance the transient effects and therefore result in higher nonlinearity and the reduction in dispersed droplet volume. In addition, it is also found that the cone angles of the water-oil interfaces decreased when the corresponding P d /P c ratios increased, as shown in figure 8 . Based on the measured results, droplets with desired sizes could be produced with negligible delay by the proposed metering scheme. To demonstrate the functionality of this scheme, a LabVIEW program that allows users to assign the individual size and order of the output droplet stream was developed. By adjusting merely the valve open time correspondingly, the production of a droplet stream with a preset size order of 1×, 2×, 3×, 4×, 3×, 2×, 1× was realized as shown in figure 9 . The following droplets were also driven into the waiting zone, collided and eventually merged with the previously entrapped droplets. If the waiting zone is fully occupied, the incoming droplets would be driven through the bypassing branches and discharged. The fusion did not happen right after the droplets collided with each other. Instead, the draining of the film between two consecutive droplets would last for a certain period of time, before the two droplets could finally merge together [28] . To shorten the process time, the entrapped droplets were discharged into a diverging channel, in which fusion was accelerated by a decelerating velocity gradient, soon after the collision. Meanwhile, the fusion of the entrapped droplets can also be accelerated by the retreat of the membrane. The retreat causes a negative pressure gradient, which sucks in the fluids and in turn accelerates the draining of the liquid film between the entrapped droplets, as shown in figure 10(b) . It is observed that the droplets fused together right after (in 0.03 s) the valve was opened and mixed rapidly after the fusion. Compared to other fusion schemes, our approach can handle more droplets and tolerate higher variations in droplet size and the spacing between consecutive droplets. Once all the metering, fusion and mixing steps had been completed, the resulting droplets were selectively delivered into corresponding downstream paths as requested. Figure 11 illustrates a 1 × 8 flow switch [29] that was employed to control the delivery of droplets. Six (=2 × 3) control channels actuated by three external switching valves could result in 8 (=2 3 ) different delivery paths. For example, an actuation status of 0-1-0, as illustrated in figure 11(a) , would direct the flow into the No. 2 channel. This concept was implemented and integrated with the metering and fusion devices, as shown in figure 11(b) . As such, the proposed schemes and the integrated system would be able to produce micro-droplets with desired volumes and compositions, and deliver the resulting droplets into one of the eight destinations upon request.
Conclusion
We have successfully demonstrated an active emulsification scheme that can produce micro-droplets with desired volumes and compositions on demand. Devices with pneumatically actuated membrane valves constructed on top of specially designed microfluidic channels are employed to meter and fuse liquid-in-liquid droplets. By steadily pressurizing a fluid and intermittently blocking its flow, droplets with desired volumes are dispersed into another fluid. Furthermore, droplets from multiple sources are fused together to produce combined droplets with desired compositions. In the prototype demonstration, a three-layer PDMS molding and irreversible bonding process was utilized to fabricate the proposed microfluidic devices. The volume (V) of the dispersed droplets is found to be mainly controlled by the valve open time (T), and the relationship could be approximated as V = kT a , in which k and a are pressure-dependent constants. For a water flow that was driven by a constant-pressure source (at 2.3 kPa) and normally blocked by a membrane valve, the volume of the resulting droplets fell from 458.8 to 0.55 pL (a >800 times drop), while the valve open time decreased from 2.8 to 0.05 s (a merely 56 times reduction). The nonlinearity is believed to result from transient effects, which are more significant when the valve open time is shorter. Meanwhile it is also noted that under the same conditions, the diameter deviation of the resulting droplets was usually less than 5% of the average value, which indicates a desired monodisperse character. In order to produce desired combined droplets and deliver them to intended destinations, functional droplet entrapment, fusion and flow switching devices, which also utilize the membrane valves, were integrated with the metering devices. With four valve control lines, multiple droplets can be entrapped, fused and delivered to one of the eight destinations. As such, the demonstrated microfluidic system could potentially realize the controllability on droplet volume, composition and motion, which is desired for a variety of biological and chemical applications.
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